
Title 3D-Printed Peptide-Hydrogel Nanoparticle Composites for Surface-Enhanced Raman 

Spectroscopy Sensing

Authors(s) Almohammed, Sawsan, Alruwaili, Maha, Reynaud, Emmanuel G., Redmond, Gareth, Rice, James 

H., Rodriguez, Brian J.

Publication date 2019-07-26

Publication information Almohammed, Sawsan, Maha Alruwaili, Emmanuel G. Reynaud, Gareth Redmond, James H. 

Rice, and Brian J. Rodriguez. “3D-Printed Peptide-Hydrogel Nanoparticle Composites for 

Surface-Enhanced Raman Spectroscopy Sensing.” American Chemical Society (ACS), July 26, 

2019. https://doi.org/10.1021/acsanm.9b00940.

Publisher American Chemical Society (ACS)

Item record/more 

information

http://hdl.handle.net/10197/10962

Publisher's statement This document is the Accepted Manuscript version of a Published Work that appeared in final 

form in Langmuir, copyright © 2019 American Chemical Society after peer review and technical 

editing by the publisher. To access the final edited and published work see 

http://pubs.acs.org/doi/abs/10.1021/10.1021/acsanm.9b00940

Publisher's version (DOI) 10.1021/acsanm.9b00940

Downloaded 2026-05-01 03:08:28

The UCD community has made this article openly available. Please share how this access

benefits you. Your story matters! (@ucd_oa)

© Some rights reserved. For more information

https://twitter.com/intent/tweet?via=ucd_oa&text=3D-Printed+Peptide-Hydrogel+Nanoparti...&url=http%3A%2F%2Fhdl.handle.net%2F10197%2F10962


1 
 

3D-Printed Peptide-Hydrogel Nanoparticle Composites 
for Surface-Enhanced Raman Spectroscopy Sensing 
 
Sawsan Almohammed,[a, b] Maha Alruwaili,[a, b] Emmanuel G. Reynaud,[b, c] Gareth 
Redmond,[d] James H. Rice[a]* and Brian J. Rodriguez[a, b]* 

 
aSchool of Physics, University College Dublin, Belfield, Dublin 4, Ireland 
bConway Institute of Biomolecular and Biomedical Research, University College 
Dublin, Belfield, Dublin 4, Ireland 
cSchool of Biomolecular and Biomedical Science, University College Dublin, Belfield, Dublin 
4, Ireland 
dSchool of Chemistry, University College Dublin, Belfield, Dublin 4, Ireland 
 

*James.Rice@ucd.ie and Brian.Rodriguez@ucd.ie 

 

ABSTRACT: Precise control over the arrangement of plasmonic nanomaterials is critical for 

label-free single-molecule surface-enhanced Raman spectroscopy (SERS)-based sensing 

applications. SERS templates should provide high sensitivity and reproducibility and be cost-

effective and easy to prepare. Additive manufacturing by extrusion-based 3 dimensional (3D) 

printing is an emerging technique for the spatial arrangement of nanomaterials and is a 

method that may satisfy these SERS template requirements. In this work, we use 3D printing 

to produce sensitive and reproducible SERS templates using a fluorenylmethyloxycarbonyl 

diphenylalanine (Fmoc-FF) hydrogel loaded with silver or gold nanoparticles. The Fmoc-FF 

template allows the detection of low Raman cross-section molecules such as adenine at 

concentrations as low as 100 pM. 

 

Keywords: 3D bioprinting, additive manufacturing, peptides, Fmoc, diphenylalanine, Raman, 

SERS, SERRS 
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INTRODUCTION 

Hydrogels are of great interest as a class of materials for tissue engineering and wound 

healing.1 Hydrogels that incorporate nanoparticles (NPs) provide a route to tailor the 

functionality of the nanocomposite, further enabling a variety of biomedical applications, 

including biomolecular sensing.2 In the past decade, peptide-based hydrogels, most notably 

fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-FF), have gained attention for their self-

assembly of fibrous structures via π–π stacking of β-sheets that give rise to a biocompatible, 

nanofibrous mimic of an extracellular matrix.3–10 Peptide–metal NP composites, in particular, 

have been used for drug delivery and electrochemical biosensing applications,11–13 and more 

recently, in surface-enhanced Raman spectroscopy (SERS)-based sensing applications using 

FF-nanotube–metal NP composites.14–16 Although nanoparticles and organic-nanoparticle 

composites that may facilitate cellular and biomolecular sensing applications have been 

assembled through bio-templating and self-assembly routes,14,16,25–31,17–24 few of these have 

been used for SERS,14,16–19,25,28,29,31 and none are based on Fmoc-FF. 

 

The fabrication of highly sensitive, reproducible, stable, and cost-effective SERS templates remains 

an actively-researched topic.32–34 Several potential solutions to these issues have been 

investigated, including the use of alumina masks35 and ink jet printing36–40 to allow the location of 

SERS-active regions to be spatially defined. Furthermore, 3D SERS templates have gained 

interest recently as a means to provide a larger surface area for increased analyte capture 

and to exploit the focal volume of the Raman excitation laser. By increasing the number of 

hotspots in the z-direction, the Raman signal can be increased and detection limits can be 

lowered.41–44  

 

Extrusion-based 3D printing is a direct deposition additive manufacturing approach that enables 

the layer-by-layer deposition of materials in x, y, and z to fabricate multilayer 3D structures. 3D 

printing has been used previously for the deposition of hydrogels and hydrogel–NP composites.45 

The ability to deposit nanomaterials in a spatially controlled fashion is key to the fabrication of 

large-scale, reproducible templates for flexible electronics and integrated biosensing devices using 

additive manufacturing approaches.46–49 Furthermore, 3D printing has been reported to lead to 

shear induced alignment of nanofibers within a hydrogel50 and may therefore provide a suitable 

templating or confinement effect that results in a closely packed arrangement of nanostructures 

and NPs. Hydrophobic-hydrophilic interfaces have previously been used to simultaneously align FF 

nanotubes and confine NPs for SERS applications.15  

 

In this work, we assess whether a biocompatible nanofibrous Fmoc-FF peptide gel combined 

with metal NPs can serve as a SERS template when 3D printed. We establish the suitability of 

3D printing for the fabrication of Fmoc-FF hydrogel–metal NP composite SERS templates by 

detecting molecules at concentrations as low as 1 pM for a molecule in resonance with the 

laser excitation wavelength used and as low as 100 pM for a non-resonant molecule. 
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MATERIALS AND METHODS 

Fmoc-FF hydrogel preparation 

Fmoc−FF (B2150, Bachem AG) was dissolved in dimethyl sulfoxide (DMSO) (472301, Sigma-

Aldrich) at a concentration of 100 mg/ml. The resulting solution was diluted in double distilled 

water (ddH2O) to a final concentration of 2 mg/ml (unless stated otherwise). Upon mixing 

with water, the opaque solution began to gel and eventually became translucent over the 

course of ~ 4 mins as nanofibers formed (Fig. S1). 

 

Fmoc-FF/Ag NP and Fmoc-FF/Au NP hydrogel preparation 

Ag NP-loaded Fmoc-FF hydrogels were prepared by adding 2 ml of 40 nm diameter Ag NP 

solution (0.02 mg/ml in water; 795968, Sigma-Aldrich) to 2 ml of 2 mg/ml of Fmoc-FF solution 

prior to hydrogel formation (Fmoc-FF:Ag NP volume ratio of 1:1) unless otherwise specified. 

The Fmoc-FF/Ag NP hydrogel preparation is shown schematically in Fig. 1. Similarly, Au NPs 

(765546, Sigma-Aldrich) with a diameter of 40 nm at a concentration of 0.02 mg/ml in water 

were used to prepare Fmoc-FF/Au NP hydrogels with a Fmoc-FF:Au NP volume ratio of 1:1. In 

both cases, gelation took place over the course of ~ 4 mins. The hydrogels were heated for ~ 

5 mins at 100 °C and left to cool for ~ 10 mins prior to use. 

 

 
Figure 1. Schematic showing the preparation of as prepared and 3D printed Fmoc-FF/Ag NP 

hydrogels. Fmoc-FF/Ag NP hydrogels are prepared by adding Fmoc-FF and 40 nm diameter Ag 

NPs. After gelation, the solution is heated for ~ 5 mins at 100 °C to promote mixing and to 

facilitate deposition. After cooling for ~ 10 minutes Fmoc-FF/Ag NP hydrogels were deposited 

via pipette onto a glass or Si substrate (as prepared) and 3D printed onto glass or Si. 

 

3D printing of Fmoc-FF templates 

The 3D printer used consisted of an Ultimaker 1.0 frame and axes, which had been converted 

to a stepper motor-driven syringe-based extrusion system.51 A bespoke raster-pattern G-code 

was written to define the print head path, extrusion parameters, and final printed structure, 

shown schematically in Fig. 2. The Fmoc-FF hydrogel with and without NPs was printed using 

a flat-end plastic tip (Somerset Solders Ltd, UK) with a nozzle diameter of 0.4 mm with a 

distance of 0.2 mm between the nozzle and the substrate. 
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Preparation of probe molecule solutions 

Meso-tetra (N-methyl-4-pyridyl) porphine tetrachloride (TMPyP) (T40125, Frontier Scientific) 

and adenine (A8626, Sigma-Aldrich) were diluted with ddH2O to concentrations ranging from 

10-4 – 10-11 M and 10-4 – 10-10 M, respectively. 

 

Ultraviolet–visible (UV-Vis) spectroscopy  

Optical absorbance measurements of Fmoc-FF with and without Ag (or Au) NPs and also of 

the analyte molecules were performed using UV-Vis (V-650, JASCO, Inc.) under identical 

settings: 1 nm step size, 1 nm bandwidth, and 400 nm/min scan speed across a 190 – 900 nm 

range. A quartz cuvette or glass cover slip was used to conduct the measurements.  

 

Fourier transform infrared (FTIR) spectroscopy 

FTIR measurements were performed using an FTIR spectrometer (Alpha Platinum ATR, 

Bruker). 10 μl of Fmoc-FF with and without Ag NPs was placed on the attenuated total 

reflection diamond crystal. The spectrum was collected using transmission mode, scanning 

from 1400 – 4000 nm. 

 

Scanning electron microscopy (SEM) 

SEM (JSM-7600F, JEOL, operated at 5 kV) was employed to characterize Fmoc-FF and observe 

the location of NPs. Approximately 8 nm layer of gold was sputtered (Hummer IV, Anatech 

USA) on the samples prior to SEM. 

 

Raman spectroscopy  

SERS measurements were performed using a bespoke Raman system comprising an inverted 

optical microscope (IX71, Olympus) with a 50x, 0.42 numerical aperture objective used to 

focus the 532 nm, 5 mW incident power laser (ThorLabs) to a spot size of ~ 10 μm,52 a beam 

splitter and a long pass filter (RazorEdge, Semrock), a spectrograph (SP-2300i, Princeton 

Instruments), and a CCD camera (IXON, Andor). Raman spectra were collected with an 

exposure time of 1 s. 60 μl of TMPyP or adenine, at specified concentrations, was deposited 

on the Fmoc-FF/Ag NP templates. To characterize Raman signal uniformity, SERS 

measurements were performed at different locations on the printed structures. Raman 

measurements were also performed on DMSO and Fmoc-FF powder (B2150, Bachem AG) 

controls. To characterize sample variability, SERS measurements were performed on at least 

six different samples for each concentration. SERS measurements were also performed on Ag 

or Au NPs on Si. 200 μl of Ag or Au NP solution (0.02 mg/ml) was diluted in 2 ml of ddH2O (to 

a final concentration of 0.002 mg/ml) and then 80 μl was deposited onto a Si substrate. After 

allowing the solution to dry, 60 μl of TMPyP or adenine was deposited onto the NPs on Si. The 

mean value of typically 10 measurements, is reported. Toluene was used to calibrate the 

Raman signal over the spectral window.  
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Optical microscopy 

Optical profilometry (NT1100, Wyko) was used to image the hydrogels with and without NPs 

using a 10x objective. 

 

RESULTS AND DISCUSSION 

As prepared and 3D printed Fmoc-FF hydrogels with and without Ag NPs were imaged using 

SEM (Fig. 2) and optical microscopy (Fig. S2a). The snaking raster print shape is evident in Figs. 

2a and S2a. The width of the printed line was measured to be 1.8 ± 0.2 mm (mean value of 

eight measurements from the print shown in the inset of Fig. 2a). The broadening of the line 

width compared to the 0.4 mm nozzle diameter can be attributed to the 0.2 mm distance 

between nozzle and substrate used. The as prepared hydrogels exhibited a dense network of 

fibrous structures with diameters of 101 ± 42 nm (n = 30 fibrils) in the absence of NPs (Fig. 

2c). Fiber formation was apparently affected by the presence of NPs (Fig. 2d), resulting in a 

larger distribution of fibril widths and a larger mean fibril width (237 ± 129 nm; n = 30 fibrils).  

Shear induced alignment of the Fmoc-FF hydrogel was apparent from the 3D printed Fmoc-

FF structure (Fig. 2c), wherein fibrils with diameters of 85 ± 32 nm (n = 30 fibrils) aligned along 

the print direction (see also Fig. S2). In the presence of NPs, fibrils with diameters of 86 ± 38 

nm (n = 30 fibrils) decorated with NPs are observed at high magnification (Fig. 2d). 
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Figure 2. Schematic representation of the 3D printed hydrogel (a) without and (b) with NPs. 

The inset in (a) is an optical image of the hydrogel (mixed with 0.06 g of orange food dye (U8-

OSL0-PS8Q, Preema, UK)) printed on glass. (c) SEM images of the as prepared and 3D printed 

Fmoc-FF. (d) SEM images of the as prepared and 3D printed Fmoc-FF with Ag NPs. Dye was 

used only for the inset in (a). 

 

UV-Vis (Fig. S3) and FTIR (Fig. S4) spectroscopy were used to characterize the optical 

properties of Fmoc-FF with and without Ag NPs. Fmoc-FF exhibited pronounced absorption 

between 250 and 300 nm, accompanied by a peak at ~ 314 nm, in agreement with literature 

values.1–3 Ag NPs alone exhibited a broad surface plasmon resonance peak at ~ 420 nm (full 

width at half maximum of ~ 72.5 nm). In combined Fmoc-FF/Ag NP solutions, the surface 

plasmon resonance band arising from Ag NPs was red-shifted by ~ 15 nm and narrowed by ~ 

32 nm (Fig. S3), indicative of an interaction (e.g., adsorption or binding) between Fmoc-FF and 

NPs.5,14–16 Sharp amide I absorption bands at 1674 and 1659 cm−1, consistent with β-sheet 

and β-turn conformations were observed in the FTIR spectra of Fmoc-FF hydrogels both in the 
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presence and absence of NPs (Fig. S4). A band at 1739 cm−1, corresponding to C=O stretching, 

appeared for Fmoc-FF with Ag NPs, presumably caused by the residual citrate stabilizing 

groups previously observed on Ag NPs.1–3,5 

 

Ag NP loading increased with the volume of Ag NP solution used, as shown in SEM images 

(Fig. S5). At the same time, the Fmoc-FF fiber density could be controlled by changing the 

Fmoc-FF concentration in the range 0.5 mg/ml to 2 mg/ml (Fig. S5). Raman signals increased 

with increasing volume of NP solution used (Fig. S6a). The enhancement is attributed to the 

localized surface plasmon resonance of the NPs.32–34 Bands associated with Fmoc-FF powder 

(Fig. S6b) were present (and enhanced by ~ 40 %) from the Fmoc-3D printed FF/Ag NP 

template, including the breathing modes at 998 and 1020 cm-1, indicated with green shading 

in Fig. S6b, and other characteristic bands (719, 736, 1265, 1350, 1412, 1452 and 1507 cm-

1).1–3 For as prepared Fmoc-FF, in contrast, mainly bands associated with DMSO were seen 

(682 and 713 cm-1), highlighted with gray shading in Fig. S6b. Following the introduction of Ag 

NPs to as prepared Fmoc-FF, the breathing mode Fmoc-FF bands at 998 and 1020 cm-1 were 

more readily resolved.  

 

Raman scattering measurements of the 3D printed Fmoc-FF/Ag NP templates were 

undertaken with a TMPyP probe molecule added at a range of concentrations from 10-4 M to 

10-9 M (Fig. 3a). As above, in the absence of TMPyP, Fmoc-FF bands were present (Fig. 3a). An 

excitation wavelength of 532 nm was used, which is in resonance with the Q band of TMPyP 

(Fig. S7),14–16 resulting in surface-enhanced resonance Raman scattering (SERRS). SERRS from 

TMPyP (C–C stretching band at 1452 cm-1) increased with increasing concentration (Fig. 3a). 

SERRS intensity was higher from TMPyP on the 3D printed Fmoc-FF/Ag NP template compared 

to Ag NPs on Si for 10-6 M TMPyP, as shown in the inset of Fig. 3a. Negligible SERRS peaks 

from 10-10 M TMPyP were detected from a Si substrate with Ag NPs; however, intense 

characteristic Raman peaks of TMPyP at the same concentration were observed for the Fmoc-

FF/Ag NP template (Fig. 3b). When the TMPyP solution was further diluted to 10-11 and 10-12 

M, characteristic peaks, e.g., the 1452 cm-1 C–C stretching TMPyP band, were still visible. The 

enhancement observed from 3D printed Fmoc-FF/Ag NP templates compared to Ag NPs on Si 

is attributed to the stability of the 3D printed Fmoc-FF/Ag NP template upon addition of the 

TMPyP solution (Fig. S8) in contrast to the reduction in the number of NPs on the Si surface 

following the addition of TMPyP (Fig. S9). 

 

Raman signals from TMPyP increased with increasing NP solution volume used and increased 

also with Fmoc-FF concentration (Fig. S10), consistent with the SEM images, which show that 

the Ag NPs aggregate primarily on Fmoc-FF fibers (Fig. S5). The results of Figs. S5, S6, and S10 

support that increased NP loading into the gel was achieved with increasing volume of NP 

solution and that increased loading led to improved Raman intensity. Enhancement factors 

of the 1452 cm-1 peak similar to Fmoc-FF/Ag NP templates (~ 9 fold increase) have been 

obtained using 3D printed Fmoc-FF/Au NP templates (~ 8 fold increase), as shown in Fig. S11. 
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Figure 3. (a) SERRS spectra from TMPyP on the 3D printed Fmoc-FF/Ag NP template on Si at 

different concentrations. A comparison of SERRS intensity for 10-6 M TMPyP on 3D printed 

Fmoc-FF/Ag NP versus Ag NPs only is shown as an inset in (a). (b) SERRS spectra from 10-10, 

10-11, and 10-12 M TMPyP on the printed template, from the template in the absence of 

TMPyP, and from 10-10 M TMPyP on Ag NPs alone. The gray shading in (b) corresponds to 

breathing mode bands of Fmoc-FF and the blue shading highlights the 1452 cm-1 C–C 

stretching TMPyP band. 

 

The increased SERRS intensity from 3D printed Fmoc-FF/Ag NP templates compared to as 

prepared Fmoc-FF/Ag NP hydrogels might be attributed to a confinement effect provided by 

the shear induced alignment of the Fmoc-FF fibrils during 3D printing that increases the NP 

density (Fig S12). The Raman scattering intensity from TMPyP on Fmoc-FF/Ag NP templates 

increased linearly with increasing laser power, without decomposition (Fig. S13), allowing the 

detection of all bands associated with TMPyP. The Fmoc-FF template withstood laser powers 
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that generally lead to decomposition of TMPyP53 on Ag NPs on Si, as shown by band 

broadening and disappearance in Fig. S13c.  

 

 
 

Figure 4. (a) SERRS spectra from 10-6 M TMPyP from different locations of the 3D printed 

Fmoc-FF/Ag NP template (on 3D printed Fmoc-FF/Ag NP and on adjacent Si regions). (b) SERRS 

spectra from 10-6 M TMPyP recorded from different 3D printed Fmoc-FF/Ag NP templates 

showing that the sample-to-sample variability is low.  
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Uniformity and reproducibility tests were conducted in different spots on a 3D printed Fmoc-

FF/Ag NP hydrogel and on different templates (Fig. 4). SERRS signal uniformity is highlighted 

in Fig. 4a. The SERRS signal is present for TMPyP (10-6 M) on the 3D printed Fmoc-FF/Ag NP 

hydrogel and not on the Si surface, as expected, highlighting the applicability of 3D printing 

to control the location SERS-active materials. Reproducibility of the template was confirmed 

by recording SERRS spectra using 4 samples (Fig. 4b). Only ~ 5 % variation in SERRS intensity 

(for band at 1452 cm-1) was seen for both uniformity and reproducibility studies, indicating 

low inter and intra sample variability. 

 

 
 

Figure 5. (a) SERS spectra from adenine on 3D printed Fmoc-FF/Ag NP templates at different 

adenine concentrations. (b) Plot and linear fit of SERS intensity of adenine band at 1280 cm-1 

as a function of concentration. 

 

To further demonstrate the applicability of the Fmoc-FF/Ag NP template for SERS detection, 

adenine, a non-resonant molecule, with absorption at ~ 280 nm (Fig. S7),14–16 was investigated 

(Fig. 5a). All adenine bands are visible on the Fmoc-FF/Ag NP template at various 

concentrations from 10-4 to 10-9 M, including bands at, e.g., 735 cm-1 (ring breathing) and 

1275 cm-1 (C8−H bending, N9−H, N7−C8).33,54,55 The intensity of the adenine bands increased 

with increasing concentration; the intensity of the 1275 cm-1 band is shown in Fig. 5b.33,54 

SERS was also recorded for adenine on Ag NPs on Si and on the Fmoc-FF/Ag NP template for 

comparison (Fig. 5a). Fewer bands were detected on Ag NPs on Si at 10-6 M (Fig. S14a). The 

Fmoc-FF/Ag NP template enabled the detection of probe molecule concentrations as low as 

10-10 M, distinguishing all peaks visible at higher (10-5 M) concentrations (Fig. S14b). While the 

detection limits of TMPyP and adenine have not been investigated explicitly here, we note 

that TMPyP and adenine peaks were detected at the lowest concentrations attempted, 10-12 

M and 10-10 M, respectively, on templates prepared with a 1:1 Fmoc-FF:Ag NP volume ratio. 

On organic-based templates, to our knowledge, the lowest reported concentration of adenine 

detected is 10-10 M 56 whereas the lowest concentration of TMPyP detected is 10-15 M.16 

Adenine has previously been detected at a concentration as low as 10-15 M by aggregating 

NPs and analyte on omniphobic surfaces.57 Characteristic SERS spectra18,56 were also obtained 
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from thymine, uracil, and lysine at 10-9 M concentration on Fmoc-FF/Ag NP templates (Fig. 

S15).  

 

The high SERS signal observed from 3D printed templates in comparison to as prepared 

templates is likely attributable to a confinement effect provided by 3D printing and shear 

induced alignment of the Fmoc-FF fibrils (Figs. 2, S2, and S12) leading to localization of the 

NPs. The enhanced SERS signal from 3D printed templates in comparison to Ag NPs on Si is 

likely attributable to the stability of the 3D printed Fmoc-FF/Ag NP template upon addition of 

the TMPyP solution in contrast to the Ag NPs on the Si template (Figs. S8 and S9). Other effects 

could influence enhancement and require further investigation to elucidate the mechanism: 

(i) Fmoc-FF has carboxyl and amine group that can bind with nucleobases through hydrogen 

bonds and potentially enhance molecule attachment;58 and (ii) peptide based materials are 

reportedly pyroelectric, a property which could facilitate charge transfer processes when 

heated by the excitation laser.59 

 

SUMMARY 

By combining the plasmonic properties of Ag NPs with Fmoc-FF hydrogels, we have 

successfully fabricated a low-cost, aligned, and patterned template with high sensitivity to 

detect molecules at concentrations as low as 1 pM. We have shown that 3D printing can be 

used to produce a patterned and aligned structure for reproducible SERS-based sensing. The 

Raman signal of both TMPyP and adenine deposited on the template was found to be 

enhanced compared to control samples with only Ag NPs on a Si substrate. The SERS signal 

enhancement is attributed to the printed Fmoc-FF that support the formation of a 

reproducible concentration of NPs at the nanocomposite surface. The template was found to 

be very stable with only ~ 5 % changes in SERS intensity within and between samples. 

Whereas in this work, 3D printing has been used to create 2D patterns, future work exploring 

the potential use of 3D SERS templates can be pursued now that the suitability of the 

approach is established. The template described has the potential to facilitate SERS-based 

chemical and biomolecular detection in areas of medicine, food safety, biotechnology, and 

cell labelling for bio-diagnostics of diseases. 
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Figure S1. Images of the fluorenylmethyloxycarbonyl diphenylalanine (Fmoc-FF) hydrogels (a) 
immediately after adding water, (b) ~ 4 minutes later (after gelation), and (c) after adding the 
Ag nanoparticles (NPs). 
 

 
 
Figure S2. (a) Optical image of a three dimensional (3D) printed 2 mg/ml Fmoc-FF hydrogel 
on Si. Scanning electron microscopy (SEM) images at location (b) 1 and location (c) 2. 
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Figure S3. UV-Vis optical absorption spectra of 2 mg/ml Fmoc-FF hydrogels with and without 
Ag NPs. The absorption spectra of Ag NPs only in the absence of Fmoc-FF is shown in the inset. 
The green shading highlights Fmoc-FF bands, while the yellow shading highlights the Ag NP 
band. 
 

 
 

Figure S4. Fourier transform infrared spectroscopy (FTIR) spectra of a sample prepared using 
2 mg/ml Fmoc-FF hydrogels with and without Ag NPs. 
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Figure S5. SEM images of (a) as prepared and 3D printed Fmoc-FF/Ag NP templates with 
Fmoc-FF:Ag NP volume ratios of 1:3 for an Fmoc-FF concentration of 2 mg/ml. SEM images of 
3D printed Fmoc-FF/Ag NP templates with Fmoc-FF:Ag NP volume ratios of 1:1 (left) and 1:3 
(right) for Fmoc-FF concentrations of (b) 1 mg/ml and (c) 0.5 mg/ml. 
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Figure S6. (a) Surface-enhanced Raman spectroscopy (SERS) spectra of 3D printed 2 mg/ml 
Fmoc-FF hydrogels prepared using different volumes of Ag NP solution corresponding to 
Fmoc-FF:Ag NP volume ratios of 25:1 (80 µl), 50:3 (120 µl), 25:2 (160 µl), and 10:1 (200 µl). 
(b) SERS spectra of as prepared Fmoc-FF/Ag NP (10:1; red), 3D printed Fmoc-FF hydrogel with 
(10:1; blue) and without (orange) Ag NPs, Fmoc-FF powder (green), and dimethyl sulfoxide 
(DMSO) (pink). The green shading in (b) corresponds to breathing mode bands for Fmoc-FF, 
whereas the gray shading highlights DMSO bands. 
 

 
 

Figure S7. Ultraviolet–visible (UV-Vis) absorption spectra of 10-5 M (a) meso-tetra (N-methyl-
4-pyridyl) porphine tetrachloride (TMPyP) and (b) adenine.  
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Figure S8. (a) Optical and (b) SEM images of the Fmoc-FF/Ag NP template after adding 10-4 M 
TMPyP showing that the TMPyP adheres to the template. The TMPyP solution remains 
confined to and spreads out on the 3D printed Fmoc-FF/Ag NP regions, as reported previously 
for FF peptide nanotubes,1 apparently without dislodging the NPs. 
 

 
 

Figure S9. SEM images of Ag NPs on Si (central region) (a) before and (b) after adding TMPyP 
solution showing the number of NPs is reduced after the solution is added. The NP density is 
higher before adding TMPyP (~69 NPs/µm2 with an interparticle spacing of ~251 nm) than 
afterwards (17 NPs/µm2 with an interparticle spacing of ~606 nm). 
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Figure S10. Surface-enhanced resonance Raman scattering (SERRS) from 10-5 M TMPyP on 
Fmoc-FF/Ag NP templates prepared with Fmoc-FF concentrations of 0.5, 1, and 2 mg/ml and 
Fmoc-FF:Ag NP volume ratios of 1:1 and 1:3, corresponding to the SEM images in Figure S5. 
 

 
 
Figure S11. SERRS measurements of TMPyP on a 3D printed Fmoc-FF/Au NP template 
(prepared with 2 ml of Au NP solution) at different concentrations. The surface plasmon 
resonance of the Au NPs is around 530 nm, as shown in the inset. 
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Figure S12. (a) SEM images of 3D printed (left) and as prepared (right) Fmoc-FF/Ag NP 
templates and (c) representative SERRS spectra for TMPyP concentrations of 10-6 M. The 
higher SERRS signal from the 3D printed template is attributed to the higher density of NPs 
on the 3D printed (~125 NPs/µm2 with an interparticle spacing of ~26.5 nm) versus as 
prepared (~48 NPs/µm2 with an interparticle spacing of ~155 nm) templates, based on 
analysis of 3 SEM images for each template. Density values are rough estimates as the number 
of NPs is underestimated when NPs aggregate. The NP spacing is determined as the mean 
measured distance between nearest NPs or NP aggregates (n = 20 pairs). 
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Figure S13. (a) SERS spectra of 2 mg/ml Fmoc-FF/Ag NP 3D printed templates recorded using 
different laser powers from 60 mW to 10 mW. (b) SERRS spectra of 10-5 M TMPyP on Fmoc-
FF/Ag NPs 3D printed templates recorded using different laser powers from 10 mW to 60 mW. 
The inset in (b) shows the intensity of the 1480 cm-1 TMPyP band versus laser power with a 
linear fit. (c) SERRS spectra of 10-5 M TMPyP on Ag NPs only recorded using different laser 
powers from 10 mW to 60 mW. 
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Figure S14. (a) SERS spectra from adenine on 3D printed Fmoc-FF/Ag NP templates at 10-6 and 
10-8 M concentrations shown in comparison with 10-6 M adenine on Ag NPs alone and with 
Raman from Fmoc-FF powder as reference. (b) Normalized intensity SERS spectra from 10-5 
and 10-10 M concentrations of adenine on 3D printed Fmoc-FF/Ag NP templates. 
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Figure S15. SERS spectra from 10-9 M (a) thymine, (b) uracil, and (c) lysine on 3D printed Fmoc-
FF/Ag NP templates (red) versus the spectra on Ag NPs (black). Thymine, uracil, and lysine 
were purchased from Sigma-Aldrich and prepared as described elsewhere.2,3 
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